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Chapter 4
Ultrasound imaging systems are based on the principle of pulse echo imaging. These

systems require the use of short pulses of ultrasound to create two-dimensional, sectional
images. Basically, a transducer pulses energy into a patient for a very short period of time
and follows this pulse with a long silent period allowing the transducer to "listen" for
returning echoes without interference from other outgoing pulses. The pulse of electricity
that excites the transducer ranges from 1-300 volts and lasts less than 1 microsecond (s).
Pulsed ultrasound MUST be used to create an image. Continuous wave ultrasound, by its
very nature of not having dedicated listening time, CANNOT be used to create images.

An ultrasound PULSE is a collection of wave cycles that travel together. Each pulse
has a beginning and end and has certain definable characteristics. Almost always, the
same transducer crystal subset is used to send pulses and receive returning echoes.

The pulse-echo technique is based on a technology known as ECHO RANGING.
Basically, machines that use ultrasound to produce images rely on a few predictable
events: how fast sound travels though a given medium and how long it takes for the
emitted sound pulse to return home. With these assumptions, it is quite simple
mathematically to determine the range of a reflector. (Range, in imaging systems,
translates into depth or how far away the reflector is from the face of the transducer.) By
inserting values into a fundamental equation, known as the range equation, echo distance
from the transducer can be easily calculated. The following formula expresses this
relationship between distance, velocity and time:

FORMULA: D = VT

where: d = distance
v = velocity
t = time

EXAMPLE: Calculate the distance an automobile travels going 60 miles per hour
(velocity) for one hour (time).

D = VT
D = 60 miles/hour x 1hour
D = 60 miles

Range Equation

Pulse Echo
Imaging
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The same relationship holds true in pulse echo imaging systems. It is assumed that
ultrasound travels at 1540 m/sec in human soft tissue (velocity). If the time it takes for an
emitted pulse to return to the transducer is also known, the distance the pulse has traveled
can be calculated using the range equation. This technological principle is also the basis of
SONAR. The entire process of determining range, or distance, is based on a
measurement of TIME. In pulse echo imaging systems, a clock measures the amount of
time elapsed from the emission of a pulse until an echo returns. (Keep in mind that the
clock is counting round-trip time). After the range is calculated, the imaging system can
then accurately place an echo on the screen at an appropriate depth and location. To
correctly assign position to an echo, the equipment must be calibrated to the assumed
velocity of 1540 m/sec. Using the above formula we can estimate the range of an echo in
human soft tissue.

EXAMPLE: Calculate the depth of a reflector that requires 13 s for round trip travel in the
body.

D = VT
V = 1540 m/sec, (.00154 m/sec)
T = 13 s

D = (.00154 m/s) x 13 s
D = .02 m
D = 2 cm (round trip time) 2
D = 1 cm

In this diagram, the transmitted pulse leaves the transducer and travels at a fixed velocity.
When it encounters an interface part of the pulse is reflected and part continues on through
the medium. The range of the reflector is calculated and is displayed in an appropriate
position on a CRT.
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Pulse Wave Parameters

Pulsed ultrasound waves used in the technological foundation of sonographic imaging
technology have certain measurable attributes and include:

Pulsed ultrasound is not the only type of sound wave that can be produced by
diagnostic systems. However, in all IMAGING ultrasound applications, pulsed waves
MUST be used. If we want to produce a picture, range or depth) information is essential.
Other non-imaging applications of ultrasound do exist and have been in use longer than
two-dimensional imaging systems. Obstetricians, for example, have been using a form of
ultrasound to detect fetal heartbeat for many years. Vascular surgeons and their tech-
nologists have also used ultrasound to diagnose vascular disease without using black-and-
white images. These applications predominantly use Doppler techniques that will be
discussed later in more detail. The principle of this non-imaging application is called
CONTINUOUS-WAVE ULTRASOUND (CW), and involves the continuous emission of
sound waves from a transducer. Continuous-wave ultrasound cannot be used to create an
image primarily because there is no method of calculating when in time a particular echo
occurs. Also in CW probes, two separate piezoelectric crystals are used to send sound
waves and receive echoes and each is “on”, or functioning, all the time.

Pulse duration is the amount of time from the beginning
to the end of a single pulse of ultrasound. It is the amount
of emission or sound “ON” time and varies with the number 
of cycles emitted and the period of each cycle. It is
determined by the source only, cannot be changed by the
operator and is a primary determinant of axial resolution
of an ultrasound image. An adequate time gap between
two pulses emitted by the transducer must exist if two
echoes emanating from reflectors are to be distinguished.

1. Pulse duration
2. Spatial pulse length
3. Pulse repetition period
4. Pulse repetition frequency
5. Duty factor

1. Pulse Duration (seconds, s)
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FORMULA: PD = NcT

Where: Nc = number of cycles in pulse
T = period of each cycle (s)

UNITS OF MEASUREMENT: seconds, sec

EXAMPLE: In the above diagram, there are three cycles occurring within a single pulse.
Assuming each has a period of .33s, calculate pulse duration. Based on
that calculation, determine the frequency of the sound beam emitting this
pulse.

PD = NcT
= 3 x .33s
= .99s

Pulse duration is approximately 1s. Therefore, if three cycles are occurring
in 1s, then 3 million cycles will occur in 1 second.

3 x 106 cycles/sec = 3 MHz

This example again demonstrates the reciprocal principle between frequency and period
and shows how the frequency of a sound wave can be calculated if the pulse duration and
number of cycles is known.

Spatial pulse length (SPL) is the length of a single pulse
in space. It is determined by the wavelength () of a single
wave, which is a distance measurement, and the number of
cycles per pulse. As its name indicates, SPL is a
measurement of the length of a single pulse. It is
determined by both the source and the medium through
which it travels. SPL is a primary determinant of axial
resolution of the transducer: the shorter the pulse the
better the axial resolution because smaller packets of
sound can "get in between" two small structures.

2. Spatial Pulse Length (SPL) (mm, m)
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FORMULA: SPL = c
where: = wavelength

c = cycles per pulse

UNITS OF MEASUREMENT: mm, m

EXAMPLE: If a single pulse of sound emitted from the transducer contains 3 cycles and
the wavelength of each wave is 1m then the spatial pulse length is 3m.

SPL = c
= 1.0 m x 3
= 3.0 m

The rate at which the system will pulse the transducer is the pulse repetition frequency.
It is defined as the number of pulses that occur in a single second, and is determined by
the sound source only. Since an ultrasound scanner usually allows only one pulse to travel
in the body at a given time, the amount of time needed for that pulse to make a round trip
will directly affect PRF. When the scanner has to "listen" for a long time for the returning
echo, fewer pulses can be generated in a single second. This occurs when examining
structures deep in the body. When the round trip time is short, as is the case in small parts
and superficial structures, the scanner can generate more pulses in a single second, thus,
increasing the PRF. PRF is also an important factor when doing Doppler studies, which
will be discussed later. PRF is inversely proportional to imaging depth:

IMAGING DEPTH  PRF
IMAGING DEPTH  PRF

In clinical imaging, the PRF usually ranges from 500-15,000 Hertz, or pulses per second
and it must be less than or equal to the frequency of the transducer.

3. Pulse Repetition Frequency (PRF) (Hertz, cps)
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UNITS OF MEASUREMENT: Hertz, cps

PRP is the amount of time from the start of one pulse to the start of the next pulse. It
includes both the sound “ON” time and the sound “OFF” time.  It is determined by the 
source only and is the reciprocal of PULSE REPETITION FREQUENCY. As the reciprocal,
PRP is inversely related to PRF.

FORMULA: PRP = 1/PRF

where: PRF = pulse repetition frequency

UNITS OF MEASUREMENT: Hertz, cps

The above diagram illustrates pulse repetition period. As stated earlier, pulse repetition
period is the amount of time from the beginning of one pulse to the beginning of the next,
or, alternatively stated, the amount of time it takes to complete a single pulse.

Since the amount of time it takes for a single pulse to occur (PRP) is related to the
number of pulses that can be generated in a single second (PRF), from a practical
perspective, PRP also depends on imaging depth. If the area of interest is deep in the
patient, the aorta in an obese patient for example, each pulse will have a long round trip
distance before it returns to the transducer. In such an instance, the PRF would be
relatively slow and the time from the beginning of one pulse to the beginning of the next
(PRP) would increase. The system has to wait longer for each returning echo, therefore,
time between each new pulse increases. In clinical imaging, PRP value range from 65
sec to 2 sec; as imaging depths increase, PRP also increases. Since the operator
indirectly changes PRF when adjusting imaging depth, the operator is also indirectly
adjusting the PRP.

IMAGING DEPTH  PRP
IMAGING DEPTH  PRP

4. Pulse Repetition Period (PRP) (Hertz, cps)
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Duty factor is the proportion of time that the ultrasound transducer is actually producing
sound energy. It is the ratio between pulse duration (sound ON time) and PRP (sound ON
plus sound OFF time). In most sonographic imaging systems it averages between 1 and
2%.

FORMULA: Duty factor = PD/PRP x 100

Where: PD = pulse duration
PRP = pulse repetition period

Since it expresses a percentage, or ratio, duty factor is unitless. As can be seen by the
formula, duty factor is directly proportional to pulse duration, so if the time “ON” increases 
or the pulse repetition period decreases, duty factor increases and vice versa. Duty factor
is inversely proportional to the pulse repetition period. From a clinical standpoint, when the
field of view is increased, the PRF is decreased, which reciprocally will increase the PRP.
As PRP increases, duty factor decreases.

PRP DUTY FACTOR
PRP DUTY FACTOR

EXAMPLE: Calculate duty factor for a sound beam whose pulse duration is 1.5s and
the PRF is 1,000cps.

Duty factor = PD/PRP

1. Calculate PRP.
PRP = 1/PRF = 1/1000s = 0.001s
Convert to common
units: 0.001s = 1ms

1ms = 1,000 s
PRP = 1,000 s

2. Calculate the duty factor.
DF = PD/PRP = 1.5s/1,000s
Units cancel out = 0.0015
Convert to percentage = 0.0015 x 100

Duty factor = 0.15%

Doubling the PRF to 2,000 doubles the DF to a value of .003 or .3%

Note: Duty factor is important in calculating temporal average intensity.

5. Duty Factor (unitless)
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Handy Conversions and Tables

PARAMETER FORMULA BASIC UNITS

PULSE DURATION (PD) PD = NcT ms, sec

SPATIAL PULSE LENGTH (SPL) SPL = c mm, m

PULSE REPETITION PERIOD (PRP) PRP = 1/PRF
ms, sec

PULSE REPETITION FREQUENCY (PRF) N/A cps, Hertz

DUTY FACTOR (DF)
DUTY FACTOR =

PD/PRPx100 none

Pulse Wave Parameters
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Exercises

1. Calculate total attenuation resulting from the passage of a 5.0MHz ultrasound pulse
through 6 cm of human soft tissue.

2. Arrange the following tissue types according to their attenuation coefficients from lowest
to highest: liver, brain, fat, bone, blood.

3. Arrange the following tissue types according to their acoustic impedance from lowest to
highest: muscle, fat, soft tissue, bone, air.

4. List for factors that influence scattered ultrasound intensity.

5. Acoustic impedance is the product of ________ and ________.

1. Calculate transit time (round-trip) for a pulse reflecting off an interface 3 cm deep.

2. Calculate the distance to a reflector if the time measured by the scanner clock is 30
s.

3. Determine the spatial pulse length of a pulse emitted from a 5 MHz transducer when
two cycles are contained in the pulse.

4. Describe the differences and the relationship between PRP and PRF.

5. What effect does SPL have on axial resolution?

6. Explain the differences between continuous wave and pulse wave sound beams. For
which applications can each be used?

4. Pulse Echo Imaging

2. Interaction with Soft Tissue
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